One sentence summary: The response of Fusarium graminearum strains of DON/ADON and NIV/FX chemotypes to oxidative stresses is an increase in toxin production mediated by Fgap1 transcription factor but depends of catalase activity.
INTRODUCTION
Fusarium graminearum is the main causal agent of Fusarium head blight (FHB) disease that affects small grain cereals (Windels 2000; Goswami and Kistler 2004) . In addition to reduced yields at harvest, the major problem regarding FHB is the production by the fungus of toxic secondary metabolites including type B trichothecenes (Kimura et al. 2007) . They consist of deoxynivalenol (DON) and its acetylated C-3 and C-15 derivatives (3ADON and 15ADON), and nivalenol (NIV) and its C-4 acetylated derivative (4ANIV or FX) (Kimura et al. 2007) . Genes involved in the type B trichothecenes biosynthetic pathway have been identified and called Tri genes (Alexander, Proctor and Mccormick 2009; McCormick et al. 2011) . Based on the type B trichothecenes production, F. graminearum is divided in two chemotypes: the NIV chemotype, for isolates producing NIV and FX, and the DON chemotype, for isolates producing DON and ADON (Ichinoe et al. 1983) . These two chemotypes are determined by Tri7 and Tri13 genes that are non-functional in the DON chemotype (Lee et al. 2002) . Trichothecenes are heat stable molecules, and are not degraded during current food processing (Rocha, Ansari and Doohan 2005) . As a result, the best way to restrict trichothecenes in food and feed is to limit their biosynthesis by the fungus before harvest and to improve control strategies. This requires increasing the knowledge on the mechanisms that regulate type B trichothecenes biosynthesis.
Fusarium.graminearum triggers an oxidative burst (response of the plant cells under biotic stress) during infection of wheat or barley (Zhou, Kolb and Riechers 2005; Yang, Svensson and Finnie 2011) . Furthermore, regarding the fungus, a treatment with moderate H 2 O 2 concentration results in an increase in trichothecenes accumulation, correlated with an increase in Tri genes expression (Ponts et al. 2006 (Ponts et al. , 2007 . A further study has demonstrated that this stimulation by a moderate oxidative stress is chemotype dependent, as supplementation with H 2 O 2 stimulated DON/ADON production, meanwhile the same treatment inhibited NIV/FX accumulation after 21 days of growth (Ponts et al. 2009 ). This discrepancy was explained by differences in antioxidant defence responses, especially with regard to catalase activity. NIV isolates have a higher H 2 O 2 -destroying capacity, which was shown to result from an enhancement of catalase activity induced by H 2 O 2 (Ponts et al. 2009 ). However, molecular mechanisms involved in this different response of the two chemotype to oxidative stress elicited by H 2 O 2 have not yet been elucidated.
In the yeast Saccharomyces cerevisiae, a large variety of transcription factors are activated by different oxidative stimuli such as H 2 O 2 (Moye-Rowley 2003). Particularly, Yap1 is a nuclear factor important for the response to oxidative stress (RodriguesPousada, Menezes and Pimentel 2010). Under normal conditions, Yap1 is distributed between cytoplasm and nucleus. The factor is rapidly relocated to the nucleus after stress exposure (Kuge, Jones and Nomoto 1997) . Homologues of Yap1 have been identified in Magnaporthe oryzae (Guo et al. 2011) , Botrytis cinerea (Temme and Tudzynski 2009) or Aspergillus spp. (Reverberi et al. 2008 (Reverberi et al. , 2012 Qiao, Liu and Li 2010) . Following these works, a link has even been established between oxidative stress response and regulation of secondary metabolism in filamentous fungi (reviewed in Montibus et al. 2015) . A homolog of this Yap1 factor has been identified in F. graminearum and named Fgap1. It has been recently shown that Fgap1 is involved in response to oxidative stress and interestingly, it also regulated DON/ADON accumulation (Montibus et al. 2013) . However, as the behaviour of the NIV/FX strain in response to oxidative stress is different (Ponts et al. 2009 ), the involvement of Fgap1 was questionable.
In order to understand the discrepancy between DON/ADON and NIV/FX oxidative stress response, we adopted a comparative approach using two strains of DON/ADON or NIV/FX chemotype. We first analysed the response to oxidative stress mediated by both H 2 O 2 and diamide for the two strains. Then, we investigated whether Fgap1, previously described as a key regulator of Tri genes expression in response to an oxidative stress in a DON/ADON strain, shares the same function in an NIV/FX strain. Finally, we showed that an increment in H 2 O 2 level also induces a stimulation of toxin production for the NIV/FIX strain. Experiments were performed in Glucose, Yeast Extract, Peptone (GYEP) medium (Miller, Young and Trenholm 1983) or in Minimal Synthetic (MS) medium containing sucrose (Merhej et al. 2010) . Cultures were done in triplicate in 10 mL of GYEP in 50 mL Erlenmeyer flasks, inoculated with 10 5 spores produced
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and incubated in darkness at 25
• C and at 150 rpm in a Multitron incubator shaker (INFORS AG, Bottmingen, Switzerland) . Static cultures in Petri plates were used for MS medium, with 8 mL inoculated with 8 × 10 4 spores and incubated in darkness at 25
Cultures were stopped by filtering under vacuum and aliquots of the filtrates were stored at −20
• C. TCTB levels were determined from culture filtrates. Fungal biomass production was measured by weighing the mycelia after 48 h of freezedrying. Fungal biomass used for RNA extraction was flash-frozen in liquid nitrogen and stored at −80 • C until analysis.
Cultures were supplemented with H 2 O (control), 0.5 mM H 2 O 2 or 0.5 mM diamide.
For each trial, it was ensured that supplementation did not modify the pH values of the treated batches compared to controls. Similarly, it was established that the fungal biomass accumulation was not affected by the treatment, compared to controls (data not shown).
Construction of Fgap1 deleted mutants and fungal transformation
Deletion of the genomic copy of the Fgap1 coding sequence in F. graminearum INRA 605 strain (DON/15-ADON chemotype) has already been described (Montibus et al. 2013) . The Fgap1 coding sequence in the INRA 91 strain (NIV/FX chemotype) was replaced by a hygromycin resistance cassette using the construct already described for the DON/ADON strain (Fig. S1 , Supporting Information) and fungal transformation was performed as already published in Montibus et al. (2013) .
Nucleic acid manipulations, PCR and qPCR analysis
Genomic DNA was extracted from 50 mg of lyophilized mycelium as previously described (Merhej et al. 2010) . The DNA concentration was estimated using a Nanodrop R ND 1000 spectrophotometer. For the transformants analysis, PCR was performed with the GoTaq DNA polymerase (Promega, France) using an iCycler (Bio-Rad, France). PCR reactions were performed in 25 μL reactions, using the primers listed in Table 1 . Fifty milligrams of frozen mycelium were grinded using a TissueLyser R (QIAGEN, France) for 1 minute at 30 Hz before RNA extraction using the RNeasy Plant Mini Kit (Qiagen, France), according to the manufacturer's instructions. Removal of residual DNA using treatment with the DNA-free Kit (Ambion, Life Technology SAS, France) was performed according to recommendations of the manufacturer. One microgram of total RNA was reverse transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Life Technology SAS, France), with oligo(dT) 20 primers, according to the manufacturer's instructions. The cDNA obtained were diluted five folds and stored at −20
• C.
Gene expression analysis was performed using 1 μL of each cDNA preparation (corresponding to 10 ng of total RNA input in the reverse transcription) in a 10 μL reaction volume, using the QuantiFast SYBR R Green PCR kit (QIAGEN, Venlo, the Netherlands). A LightCycler R LC2.0 system equipped with the LightCycler software 3.5.3 (Roche Diagnostic, France) was used to carry out the reactions. Amplification efficiency was evaluated for each gene with serial dilutions of the pooled cDNA samples and data analysis was performed as previously described by Ponts et al. (2007) . Expression levels of the studied genes (see Table 1 ) were normalized to the expression of the reference genes GAPDH and EF1α. Statistical analysis was performed using 
Southern blot analysis
For analysis of the deletion construction, 5 μg of genomic DNA were digested with SalI and separated by electrophoresis in a 0.8% agarose gel. The gel was transferred onto nylon membranes (Hybond N+, Amersham, France). Membranes were hybridized with DIG-labelled probe synthesized with the PCR DIG probe synthesis kit (Roche Diagnostic, France), following manufacturer's instructions. Southern blot analysis was performed as already described (Montibus et al. 2013) .
Type B trichothecene analyses
Four millilitres of filtrate were extracted with two volumes of ethyl acetate. Five millilitres of the organic phase were evaporated to dryness at 40
• C under a nitrogen beam. Dried samples were suspended in 500 μL of methanol/water (1:1, v/v) (Methanol Fisher Scientific, Illkirch, France) and cleaned up on 0.45 μm filters (Phenomenex, France). Quantification analysis was performed on a Shimadzu Prominence UFLC system equipped with a CBM-20A controller, two LC-20 AD pumps, a DGU-20A3R degaser, a SIL-30 AC autosampler and a SPD-M20A photo diode array detector (Shimadzu Scientific Instruments, France). Separation was achieved on a column Zorbax Eclipse C18 rapid resolution (2.1 × 100 mm, 1.8 μm) (Agilent, France) maintained at 45
• C. The mobile phase consisted of water (solvent A) and acetonitrile (solvent B). The flow was kept at 0.35 mL min −1 . The injection volume was set to 0.5 μL. TCTB were separated using a gradient elution as follows: 7% B for 1 min, 30% B in 6 min, 90% B in 2 min, 90% B for 2 min, 7% B in 6 min. The UV-Vis spectra were recorded from 190 to 300 nm and peak areas were measured at 230 nm. Quantification was performed by external calibration with standard solutions (Romer Labs, Austria). Toxin yields were expressed in μg g −1 of dry biomass.
Preparation of cell-free extracts
Harvested mycelia grown in GYEP liquid cultures were frozen at −20 • C and freeze-dried. Freeze-dried mycelia (800 mg) were suspended in 10 mL of Tris-HCl 0.2 M, pH 7.6, containing 1% polyvinylpyrrolidone, 0.5 mM dithiothreitol, and 0.1 μl mL −1 of Pefabloc R SC-protease inhibitor (Roche, Diagnostic, France). The homogenate was incubated for 30 min on ice. Cell debris was removed by centrifugation (20 000 g, 30 min at 4 • C).
Determination of catalase activity
Catalase activity in cell-free extracts was determined using the method of Aebi (1994) . The reaction solution contains 10 mM of H 2 O 2 in a 100 mM phosphate buffer, pH 7 and 100 μL of cell-free extracts in a total volume of 5 mL. 
Expression of results and statistical analysis
All results were expressed as the arithmetic mean values ± SD of experiments performed in triplicate. Values were compared by performing the Student's t-test. The P-value 0.05 was chosen as the point of statistical significance. Differential gene expression was analysed with REST using the genes encoding GAPDH and EF1α as references (5000 permutations, P ≤ 0.05) (Pfaffl 2001; Pfaffl, Horgan and Dempfle 2002) . Results are reported as the log2 value of the ratio mutant versus wild-type strain or treated condition versus control.
RESULTS
Impact of H 2 O 2 and diamide on trichothecene B production by F. graminearum
The effect of oxidative stress induced by H 2 O 2 (0.5 mM) and diamide (0.5 mM) on the production of DON/ADON or NIV/FX was compared in GYEP liquid cultures after 14 days. The moderate concentrations chosen for H 2 O 2 and diamide did not affect fungal growth, regardless of the considered strain (results not shown). Results obtained are summarized in supplementation. Surprisingly, in the presence of diamide, the production of NIV and FX was considerably enhanced, reaching a level equivalent to that of the DON/ADON strain.
Effect of Fgap1 deletion on TCTB production
The construction of the deleted strain for the DON/ADON chemotype has already been largely described (Montibus et al. 2013) . To obtain the equivalent deletion in the NIV/FX background, the NIV/FX strain was transformed with the deletion construct, where the Fgap1 coding sequence was replaced by a hygromycin resistance cassette (Fig. S1 , Supporting Information) (Montibus et al. 2013) . Among 20 transformants, 6 displayed the deletion construct by PCR analysis and were further analysed by Southern blot, to ensure that the wild-type copy of Fgap1 was correctly replaced by the hygromycin resistance cassette. Three deleted mutants in the NIV/FX background were chosen for further experiments (Fig. S1 , Supporting Information), in addition to the deleted strain for the DON/ADON chemotype already described (Montibus et al. 2013 ). The two wild-type strains and the corresponding deleted mutants were cultured for 14 days in MS medium. In the DON/ADON strain, deletion of Fgap1 resulted in a significant increase in toxin accumulation (Fig. 1) as shown previously (Montibus et al. 2013 ). In the NIV/FX strain, deletion of Fgap1 had no significant impact on TCTB accumulation. The expression of Tri4 (FGSG 03535) and Tri5 (FGSG 03537), two genes involved in the earliest steps of the biosynthetic pathway were analysed by q-RT-PCR in the wild-type and the Fgap1 mutant for the NIV/FX strain after 4 days of growth in GYEP medium. GAPDH (FGSG 06257) and EF1α (FGSG 08811) were used as reference genes. For the DON/ADON strain, we previously demonstrated that expression levels of Tri4 and Tri5 were correlated with TCTB accumulation (Montibus et al. 2013) . The data obtained here for the NIV/FX strain demonstrated that expressions of Tri4 and Tri5 are in fact downregulated in the deleted strains, compared to the wild-type strain (data not shown). For both chemotypes, deletion of Fgap1 affects Tri gene expression. This finding is to be correlated with the impact previously observed on TCTB accumulation for the DON/ADON chemotype. We can conclude that in NIV/FX chemotype, Fgap1 also regulate Tri gene expression but no effect on toxin accumulation is observed.
Fgap1 and the response to diamide mediated-oxidative stress
As diamide has a strong impact on toxin biosynthesis whatever the chemotype of the F. graminearum strain (see Table 2 ), we tested the effect of Fgap1 deletion on the response to diamide in GYEP liquid cultures for both chemotypes (Table 3) . For the DON/ADON chemotype, deletion of Fgap1 resulted in a decrease in toxin accumulation when a diamide stress was applied. This confirms that Fgap1 is not only involved in stress response mediated by H 2 O 2, as already demonstrated (Montibus et al. 2013) , but also in stress response mediated by diamide. For the NIV/FX strain, the deleted mutants produced significantly less toxins than the wild-type strain in response to diamide.
This result strongly suggests that Fgap1 is also involved in response to diamide stress in the NIV/FX chemotype. However, the level of expression measured for Tri4 and Tri5 genes in these mutants in response to diamide was only slightly (but not significantly) downregulated in comparison to their wild-type counter parts.
Fgap1 and antioxidant activities
The level of expression of four genes encoding catalase (FGSG 06554, FGSG 02881, FGSG 02974 and FGSG 12369, respectively, Cat1, Cat2, Cat3 and Cat4 in this study) and two genes encoding SOD activities (FGSG 04454 and FGSG 02051, respectively, Sod1 and Sod2 in this study) was investigated (Table 4) . These genes have been chosen as they are essential for maintaining the redox balance in response to oxidative stress. In addition, their homologues were demonstrated to be regulated by Apyap1 and Aoyap1 in Aspergillus parasiticus and A. ochraceus, respectively (Reverberi et al. 2008 (Reverberi et al. , 2012 . Levels of expression were analysed in diamide condition compared to the control condition (Table 4) . Among the tested genes, only Cat1 was upregulated in response to diamide. This upregulation was only significant for the DON/ADON chemotype. Deletion of Fgap1 had no significant 
Figure 2.
Ratios of catalase activities of cell-free extracts from 4-day-old fungal cultures grown in GYEP supplemented or not with diamide 0.5 mM. The data represent ratios in log2 scale of catalase activities in treated conditions over catalase activities in control conditions. Each value used for the ratio represents the mean value of three biological repeats.
impact on expression of these genes whatever the considered chemotype.
Our data indicate that among the genes encoding antioxidant enzymes, the gene encoding the catalase 1 is the only one which expression is significantly affected by diamide treatment. We therefore analysed total catalase activity in cultures supplemented or not with diamide for both DON/ADON and NIV/FX chemotypes and for both the wild-type strains and the deleted mutants. As the three deleted mutants of the NIV/FX chemotype had the same behaviour, only one was chosen for these catalase activity experiments.
We analysed catalase activities in cell-free extracts of 4-day-old cultures. The results presented in Fig. 2 are in log2 ratio scale for treated conditions over control conditions. For the DON/ADON wild-type strain, diamide supplementation led to a weak increase in catalase activity. For the NIV/FX wildtype strain, diamide induced a strong increase in total activity of catalases. In the deleted mutants, total activity of catalases was slightly decreased for the DON/ADON chemotype and only slightly induced for the NIV/FX chemotype. Overall, deletion of Fgap1 results in a decrease in global catalase activity. This decrease is more drastic for the NIV/FX chemotype. This result demonstrates that Fgap1 seems directly or indirectly involved in the induction of catalase antioxidant activities.
Our hypothesis is that NIV strains accumulate more catalase, therefore less H 2 O 2 is available to act as an intracellular signal for mycotoxin stimulation as compared to the DON chemotype. Then, increasing the concentration of H 2 O 2 in the culture of the NIV/FX strains should overcome their scavenging capacity and lead to an activation of toxin accumulation. Increasing concentrations of H 2 O 2 were applied to the wild-type and the Fgap1-3 mutant of the NIV/FX strain grown in the MS medium containing sucrose (Table 5 ). For the wild-type NIV/FX strain, there was no production of toxin in the control without H 2 O 2 and very low production at 0.5 mM. Increasing the H 2 O 2 concentration to 1 or 2 mM induced significantly the production of toxin. The result for the deleted Fgap1 mutant clearly showed that at 0.5 mM H 2 O 2 , the level of toxin was similar to that of the control with no H 2 O 2 , but when increasing the concentration to 1 or 2 mM, the level of toxin production was strongly increased. At 5 mM, the growth of both strains was fully inhibited.
DISCUSSION
Mechanisms involved in the onset of mycotoxins production in fungi have been the subject of numerous studies. Oxidative stress is an important factor controlling mycotoxins biosynthesis. Such a stress was shown to strongly stimulate aflatoxin production in A. parasiticus, ochratoxin A production in A. ochraceus (Reverberi et al. 2008 (Reverberi et al. , 2012 and also DON production in F. graminearum (Ponts et al. 2006) . Furthermore, this regulation was demonstrated to be mediated by the yeast Yap1-homologues stress response factors Afyap1, Aoyap1 and Fgap1 of A. fumigatus, A. ochraceus and F. graminearum, respectively (Reverberi et al. 2008, 2012; Montibus et al. 2013) . Moreover, in F. graminearum, the response to a peroxide stress has been shown chemotype dependent (Ponts et al. 2009 ), illustrating the complexity of this mechanism of response.
The goal of this study was to analyse the involvement of Fgap1 in the response to a stress due to diamide in F. graminearum and to determine if the response to this particular chemical stress was also chemotype dependent. Our results show that diamide drastically enhances toxin accumulation, whatever the chemotype of the strain. The efficiency of this induction is far more superior to the induction by H 2 O 2 . This mechanism of induction is strikingly different to the one observed with H 2 O 2 which strongly stimulate DON/ADON but has no effect on NIV/FX (Ponts et al. 2009 ). In a study performed on A. nidulans, the effects of H 2 O 2 and diamide were analysed on gene expression signatures (Pocsi et al. 2005) . The number of gene probes affected by stress was different according to the considered treatment (Pocsi et al. 2005) . The authors explained the difference observed by a distinct mechanism of action of the two stress-inducing agents selected. Diamide is a thiol-oxidizing agent resulting in fast oxidation of glutathione, whereas H 2 O 2 increases intracellular peroxide levels (Toledano et al. 2003) . These different mechanisms of action could also explain the drastic differences we (Alexander et al. 2011) , this may represent different scavenging capacities for the two chemotypes, which may be compensated by higher expression levels of antioxidant activities, like catalase, in the NIV/FX chemotype. The quantification of total catalase activity in the two chemotypes confirms this difference which can also explain the opposed consequences of Fgap1 deletion on trichothecene accumulation: stimulation is only observed in the DON/ADON chemotype which is less efficient to cope with the H 2 O 2 produced and, as a consequence may accumulate higher quantities than the NIX/FX chemotype. Such a rationale is also supported by the fact that addition of catalase in the medium of a DON/ADON strain strongly decreases the production of the toxin (Ponts et al. 2007 ). In addition, increasing the H 2 O 2 concentration above 0.5 mM for the NIX/FX chemotype leads to a stimulation of toxin production. This result strongly argues in favour of the hypothesis that increasing the H 2 O 2 level overcomes the higher catalase activity of NIV/FX strains and leads to a strong induction as observed for the DON strain at a lower H 2 O 2 concentration. The response is ever stronger for the deleted mutants suggesting these mutants are not able to induce the scavenging of oxidative species in response to a strong H 2 O 2 stress.
In addition, our results also suggest that the stimulation by H 2 O 2 is not only controlled via Fgap1 as the Fgap1 deleted DON/ADON strain still responds to the oxidative stress autogenerated by the fungus. Indeed, there are other regulation circuits for oxidative stress response in fungi and, for example, the Yeast Skn7 regulator or the Msn2/Msn4 transcription factor (MoyeRowley 2003) or the Atf1 transcription factor in F. graminearum (Nguyen et al. 2013) should play important role in this regulation of oxidative stress and could also be involved in stimulation of mycotoxins biosynthesis.
The Fgap1 DON/ADON strain produces fewer toxins than its wild-type counterpart in response to diamide; meanwhile, the Fgap1 NIV/FX strain produces significantly less toxin than the NIV/FX wild-type strain. The deletion of Fgap1 results in the loss of the strong diamide stress stimulating effect on trichothecene accumulation. This last finding clearly demonstrates that response of the NIV/FX strain and the DON/ADON strain to diamide mediated oxidative stress relies on Fgap1 factor, similarly to what we demonstrated for the DON/ADON strain when treated with H 2 O 2 (Montibus et al. 2013) . The oxidative stress response mediated by Fgap1 is not chemotype dependent. However, deletion of Fgap1 seems to more strongly affect the NIV/FX strain response to diamide compared to the DON/ADON strain. In our results, a direct correlation between Tri genes expression and the level of TCTB accumulation in response to diamide stress was not clearly established. However, it is noteworthy that the gene expression and the toxin accumulation were measured at very different time of growth. The decrease of gene expression observed at day 4 in NIV/FX Fgap1 deleted mutant may not be sufficient to provoke a decrease in toxin accumulation at day 14. In addition, this may suggest that regulation of oxidative stress is a more complex process not only involving Fgap1 regulation. As mentioned before, the transcription factors Skn7 or Msn2/Msn4 (Montibus et al. 2015) are involved in response to oxidative stress in several fungi and should also potentially interfere with the stimulation of mycotoxins biosynthesis as shown for Atf1 in F. graminearum (Nguyen et al. 2013) . Their involvement in oxidative stress response which can be dependent of the chemotype could be a new perspective of research to better understand trichothecene accumulation and Tri genes expression in F. graminearum.
